The electrocardiogramm (ECG) is the state-ofthe-art signal for gating in cardiovascular magnetic resonance imaging and patient monitoring. Using the ECG for gating and monitoring during the magnetic resonance imaging examination is a high challenging task due to the superimposition of the magnetohydrodynamic effect, radio-frequency (RF) pulses and fast switching gradient magnetic fields. The gradient induced artifacts hamper the correct QRS detection which is needed for correct gating and heart rate calculation and ECG displaying for patient monitoring. To suppress the gradient artifacts from the ECG signal acquired during MRI, a technique based on the Wilcoxon filter was developed. It was evaluated using ECG signals of 14 different subjects acquired in a 3 T MRI scanner. It could be shown reliable results for reducing gradient induced artifacts in the ECG signal in real-time.
Introduction
The electrocardiogram (ECG) is the state-of-the-art signal for gating in cardiovascular magnetic resonance (CMR) imaging where it is used to reduce cardiac motion artifacts [1] . When the ECG signal is acquired during a magnetic resonance imaging (MRI) examination, it is superimposed by interfering signals caused by the magnetohydrodynamic (MHD) effect, radio-frequency (RF) pulses and fast switching gradient magnetic fields [2] . RF-pulses and fast switching gradient magnetic fields are required during MR image acquisition. RF-pulses can be reduced with hardware shielding or lowpass filtering, because its frequency range (> 42 MHz) is separated from the ECG's frequency range (0.05-100 Hz). The gradient magnetic fields cause severe distortions of the ECG signal due to the voltages induced in the body and the ECG electrode cables [3] . Without further preprocessing, these gradient induced distortions will cause a significant drop of the QRS detection quality.
Different algorithms for the reduction of gradient artifacts exist in the literature. These algorithms are based on adaptive filter techniques [4] [5] [6] , on bayesian filters [7] and independent component analysis (ICA) [8] . Some of these filter techniques used additional information from the MR scanner [4] [5] [6] to reduce the MR induced artifacts. Other filter could only be used for semi-online filtering [7] or needed learning and update periodes of the demixing matrix for ICA [8] what presents a potential error source.
In this work, the gradient induced artifacts were reduced using the Wilcoxon filter. This approach was applied to ECG signals during the imaging process without additional information from the MR scanner in real-time.
Theory
The Wilcoxon filter is a special case of a rankfilter, which is used for noise reduction in image processing [9] . Further, this filter approach can also be applied to digital signal processing problems. If X is a rank sorted vector and part of a signal with N elements and written as X = [x 1 , x 2 , . . ., x N ], the Wilcoxon filter is defined in [10, 11] as:
The term
is well known as Walsh average [12] . The Wilcoxon filter is effective to white noise reduction and edges or slopes were not preserved because of the averaging of all possible pairs [10] . Calculating the Walsh average for all the pairs causes problems in computational complexity because N(N+1)/2 values have to be sorted. The number of computations of the Walsh averages can be reduced using the inherent property of the Wilcoxon filter presented in [13] . As presented in [10] all computed Walsh averages can be written in a matrix what is exemplary done for N = 5 as follows:
The result of the median of eq. 1 is close to the median of the main diagonal with the elements colored in red [10, 13] . Therefore, the Wilcoxon filter for the example of N = 5 can be written as:
Thus, the median is calculated from 3 instead of 15 elements. The computational complexity was reduced from N(N+1)/2 to (N+1)/2 . As shown in [13] , this simplification can be applied for a larger filter lengths.
Material and methods

Databases
For the evaluation of the presented method, a database (DB Skyra ) was composed from several ECG records acquired in a 3 T MR-scanner (MAGNETOM Skyra, Siemens, Germany). The database consists of ECG signals (lead II, electrode distance: 10 cm) recorded in a reduced Einthoven triangle (the distance between the electrodes was minimized) placed on the left chest with braided cables to reduce the MHD effect and induced voltage due to the fast switching gradients [14] . Because of the age relation of the young subjects and the ensuring location of the electrical heart axis, lead II shows the highest RPeak amplitudes [15] . The ECG signals were acquired using an MR-compatible ECG recorder based on the technology of the patient monitoring system Tesla M3 (MIPM GmbH, Mammendorf, Germany). The analogue low-pass filtered (7.2 kHz) ECG signal was digitized with sampling frequency of 16 kHz and a resolution of 24 bit. The ECG recorder was placed on the subject's abdomen. The raw ECG signals were transmitted via optical fiber to the computer system placed outside the MRI cabin. The ECG signals were recorded from 14 healthy subjects (nine males and five females, V 1 − V 14 ) at the age of 23.42 ± 4.9 years. The subjects had an average weight of 74.4 ± 12.7 kg together with an average height of 178.1 ± 9.7 cm. For the evaluation a set of the following MR sequences was chosen: fluid attenuated inversion recovery (FLAIR), T2-weighted turbo spin echo (T2TSE), gradient echo cardiac (GRE Cardiac), gradient echo (GRE), echo planar 2D diffusion (EP2DDiff) and a spin echo (SE). The duration of each sequence together with the repetition time (TR) and the echo time (TE) is presented in Table 1 .
The MR sequences were applied in the presented order.
Between two sequences a break of 20 s was done. During this break the ECG signal was still recorded. DB Skyra had a length of 90 min. Figure 1A depicts an exemplary ECG signal during an EPI sequence. Due to the structure of the EPI it represents a worst-case scenario (see Figure 1B) . Besides short impulse shaped artifacts (e.g. Figure 1B at 0.2 s), a longer series impulses with a length of total length 0.08 s can be observed (e.g. Figure 1 (B) at 0.03-0.11 s). To deal with these differently shaped artifacts, the algorithm was applied in a sliding window of 10 ms length (160 samples) with a step width of 0.0625 ms (1 sample). The window length of 10 ms showed best results for the chosen MR sequences. The ECG samples of 10 ms were first sorted by size and then their Walsh averages were calculated. After that the median of the Walsh averages was computed (see eq. 1).
Filter algorithm
To estimate the current sample of the filtered ECG signal (Y i ), the vector of the unfiltered ECG signal (X i ) consists of the current sample and the last 159 Samples. The computational complexity was reduced by using the inherent property of the Wilcoxon filter presented in [13] . After applying the Wilcoxon-based gradient artifact filter ( Figure. 1C) , the ECG signal was bandpass filtered with a 45 Hz low-pass (5 th order elliptic filter) and a 0.05 Hz high-pass (3 th order elliptic filter) filter to smooth the ECG and to reduce baseline wander Figure 1D . 
Evaluation metrics
To evaluate the filter results the mean square error (MSE) was used for comparing the ECG without gradient induced artifacts before s(n) and afterŝ(n) applying the presented filter approach because of the known reference ECG. The MSE is defined as follows:
The filter algorithm reduces the power of the ECG superimposed by the gradient artifacts [4] . Hence, the difference of the ECG signal before and after applying the filter approach can show the functionality of the algorithm. The average power of a discrete signal is defined as: The average power of the gradient artifact free ECG (P s ) was calculated from the first 10 s of each signal. The ratio between the average power of the ECG signal during MR sequences (P sa ) and the filtered ECG (P saf ) is defined as:
To show only the functionality of the presented gradient filter, the last filter step depicted in 1 (D) was not involved in the evaluation. P saf was calculated before this filter step.
Results
The MSE computed from the gradient artifact free ECG before and after filtering together with the average power and the power ratio defined in 3.3 for the 14 volunteers (V 1 -V 14 ) are summarized in show a low change in the ECG quality using the presented filter approach. The average power P s ranges from 0.13-1.60 µV 2 for each dataset. The average power P sa shows much higher values (19.52-234.76 µV 2 ) than P s due to the existing gradient induced artifacts. After filtering, the average power was reduced (0.19-1.58 µV 2 ) and showed results which are in a similar range as P s .
Discussion
The Wilcoxon filter was applied to reduce the gradient artifacts in the ECG signal of lead II in real-time.
A low MSE was observed between the original (gradient artifact free) ECG and the Wilcoxon filtered ECG. Further filter steps like low-pass filtering of the artifact free ECG can improve the results of the MSE and the P s , e.g. noise reduction by A/D-converter. One reason is the efficiency of the filter for noise reduction caused by the determination of the Walsh average [10] . Another effect of the used filter approach is the nonpreserving of the edges. The slope, e.g. of the QRS-complex, was reduced what finally reduces the average power. A positive effect of the Wilcoxon filter is the reduction of pulse shaped artifacts what can be clearly shown in the comparison of Figure 1 A and C. The fact that edges are not preserved have an additional positive effect, too.
Due to the parameters of the ECG recorder and the possibility to record the gradient induced artifact in its full range of amplitude, the average power of the ECG is much higher than presented in [4] . One reason might be the high resolution of the presented ECG hardware. The amplitude of the MR induced artifact is not limited and can be shown in its full amplitude range. This results in a higher signal power.
The use of the Wilcoxon filter was possible due to the high sampling frequency and the high resolution of the ECG signal and the induced gradient artifacts because of the well presentation of the artifacts as high frequency peaks. A low sampling frequency as well as a low resolution would distort the ECG artifacts. As a result of that the high frequency peaks are missing and the median based filter can not be applied successfully.
In future works, the algorithm will be tested using ECG signals recorded in other MRI scanners with different static magnetic fields. In addition. ECG leads I and III have to be evaluated to show the efficiency of the presented gradient filter on different leads.
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